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1. Introduction
Over the past 50 years, the treatment of patients with acute lymphoblastic leukemia (ALL)
has significantly improved. This success is measured by the improved survival of ALL pa‐
tients from less than 10% in the 1960s to more than 80% in more recent reports. However,
many factors influence to a good outcome to treatment and subsequently in the improved
survival of patients with ALL.
Age is the factor that has been more associated with survival. Younger patients (especial‐
ly  those  younger  than age 50)  have a  better  survival  than older  patients.  Not  only  age
but also gender and race also are related with survival  of  ALL patients.  The girls  have
showed a  better  survival  than boys,  this  partly  due to  boys’  risks  for  testicular  cancer.
African-American  and  Hispanic  Individuals  have  lower  survival  rates  than  Caucasian
and Asian individual, but this may be due to poorer access to treatment. A very impor‐
tant factor in the clinic that somehow predicts good to bad prognosis of the patient and
of  course  has  also  been  linked  to  survival  is  the  Initial  white  blood  cell  (WBC)  count;
people diagnosed with a WBC count below 50,000/μL tend to be better than people with
higher  WBC counts.  Even,  ALL subtype  plays  a  role  very  important.  For  example,  pa‐
tients with T-cell ALL tend to have a better prognosis and survival than those with ma‐
ture  B-cell  ALL  (Burkitt  leukemia).  Nowadays,  the  identification  of  chromosome
translocations help to prognosis of ALL patients; people who have Philadelphia chromo‐
some-positive ALL tend to  have a  poorer  prognosis,  although is  important  to  note  that
new treatments are helping many of these patients achieve remission.
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Effectively, all the above factors (age, gender, race, Initial white blood cell (WBC) count,
ALL subtype, and chromosome translocations) have an impact on treatment and survival of
patients with leukemia. Since several years it is known that single nucleotide polymor‐
phisms (SNPs) are some of the population genetic variations that greatly influence in the re‐
sponse to treatment of patients with ALL. It has been shown to SNPs modify the metabolism
of chemical agents used in chemotherapy by affect the normal activity of enzymes involved
in drug metabolism. This speaks of a very important role of these SNPs in the adequately
outcome and survival of patients with ALL under treatment. This chapter shows how all the
above factors play an important role in the survival to ALL and as the survival of patients
with ALL varies according to these factors in different populations. The challenge remains
to optimize the treatments according to population groups.
2. Age
Survival rates for children with ALL have increased dramatically over the past 4 decades,
with 5-year survival rates of >90% in recent trials [1]. Data emerging from the surveillance,
epidemiology and end results (SEER) database suggest that patients’ age serves as a sig‐
nificant prognostic factor that affects clinical outcomes such as overall survival (OS) [2]. The
SEER 9 (Atlanta, Connecticut, Detroit, Hawaii, Iowa, New Mexico, San Francisco-Oakland,
Seattle-Puget Sound, Utah) showed that the 5-year survival rates for children younger than
age 15 years with ALL improved from 61.0% in 1975-1978 to 88.5% in 1999-2002. Adoles‐
cents 15 to 19 years of age also showed improvement in survival over the same period, al‐
though their outcome in recent periods (50.1% 5-year survival in 1999-2002) was lower than
that among children younger than age 15 years [3]. This lower survival rate partially reflects
differences in tumor biology between children and older adolescents and likely also reflects
differences in the way medical oncologists and pediatric oncologists have historically treat‐
ed ALL arising in this age group [4, 5]. Survival for infants remains poor compared with that
for children 1 to 14 years of age, although 5-year survival rates have increased from 22% in
1975-1978 to 62% in 1999-2002 [3].
In  2005,  estimates  derived  SEER  program  of  the  National  Cancer  Institute  placed  the
number of survivors of childhood ALL in the United States at 49 271 (0-19 years of age)
being one of the cancer types with the largest number of survivors to 5-years. However,
survival  decreased with increasing age,  with a  relatively notable  decline in survival  be‐
ginning  at  ages  20  o  more  years  [6].  As  in  Japanese  population  of  aged  15-60  years
where survival at  5 years is  35.0% [7] and Japanese children younger than 16 years age
had 7-year OS rate of 76.0% [8]. In work done at Department of Epidemiology and Can‐
cer Control,  St Jude Children’s Research Hospital,  Memphis, TN of 1991 to 2006 in chil‐
dren with acute lymphoblastic leukemia; 5-year event-free survival (EFS) estimates were
88% for  children  aged  1–9  years,  73% for  adolescents  aged  10–15  years,  69% for  those
older than 15 years, and 44% for babies younger than 12 months [9, 10]. Today, the long-
term survival has increased from approximately 10% in the early- to mid-1960s to more
than 90% at St Jude Children’s Research Hospital, Memphis, TN [1].
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In Italian children between 1 and 18 years of age with newly diagnosed of ALL, enrolled in
the AIEOP-BFM ALL 2000 study, had a 7-year EFS and survival of 80.4% and 91.8%, respec‐
tively. However when the children were stratified by minimal residual disease (MRD) their
overall 7-year estimates for EFS and survival were 80.7% and 92.8%, respectively [11]. In
United Kingdom, children aged 1–18 years survival estimates at 5 years were 87% [12]. In
Pakistani population aged > 15 years their median survival was 12.7 months and disease-
free survival was 6.2 months [13].
Currently, due to intensive chemotherapy regimens, the outcome of adult ALL has im‐
proved markedly. The complete response rates now are more than 80% [14] and the long-
term survival rate is 30%–45% [15]. Based on a study by Stephen Hunger and colleagues, 5-
year OS rates now above 90% for the first time (83.7% in the period 1990-1994; 90.4% in the
most recent period 2000-2005). This study is based on information on 21,626 ALL patients
between 0 and 22 years who were enrolled onto the Children’s Oncolocy Group (COG) ALL
clinical trials from 1990 to 2005. It is clear that survival improved in all subgroups of ALL
(1-9 years), except for infants under the age of 1 year. Besides, 5-year OS also remains signif‐
icantly lower (81.6%) for children over the age of 10 years [16]. Childhood ALL reflects one
of the diagnosis for which the most impressive improvements have been realized [1].
The better results seen among the childhood population as compared to adults with ALL
have been attributed to a number of prognostic factors. It is important to consider a number
of important differences between younger and older patients with ALL exist. First, the biolo‐
gy of both, underlying disease and the patients’ metabolic changes with age are very differ‐
ent between two cohorts [17]. The second major difference is the difference in therapy
related toxicity [18]. The third potential cause for a superior outcome in the younger popula‐
tion is relates to the protocols administered. It is important to consider that the treatment
protocols from each institution, the dose adjustments and many others factors can increase
long-term survival, but the factor toxicity could have a negative effect on long-term.
3. Gender
Survival disparity by the sex of the patient with leukemia has been observed since the nine‐
teen sixties; however, what remains to be fully grasped are the factors responsible for this
persisting survival difference between boys and girls. Girls continue to demonstrate surviv‐
al advantage relative to boys. Studies over the past years have repeatedly shown that after
diagnosis of pediatric leukemia, boys present with poorer survival that the girls (Table 2).
In 2012 using a large sample and long-term data could help explain the ongoing variance in
leukemia survival comparing boys to girls and found that boys are more likely to die from
leukemia (Table 1). The explanation to the observed disparity in survival by sex, since most
of the patients who had T-cell type were boys, and survival was poorer among boys in this
study [19]. A biological explanation for sex disparity in leukemia survival, it is plausible to
suspect XY chromosomal instability as a possible contribution to abnormal cellular prolifer‐
ation, thus resulting in a biologically aggressive leukemia among male patients. Also, it
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might be possible that testosterone or estrogen may play a small role in pediatric leukemia,
this partly due to boys’ risks for develop testicular cancer [19].
Population Survivalestimated
% of
Overall
Survival
Number of
patients Ref.
Sex
U.S. Male Children At 5 years 53.9 8,622 [19]Female 58.0 6,593
European Male Children At 5 years 63.0 401 [20]Female 67.0 299
U.S. Male Children At 5 years 63.5 1,151 [21]Female 73.4 904
WBC count
Japanese < 10.0x109/L
Children At 7 years
71.5 300 [22]
10.0-49.9x109/L 62.7 206
50.0-99.9x109/L 52.9 35
≥100.0x109/L 19.3 48
Japanese <3x109/L
Adults At 5 years
20.0 15 [23]
3x109-50x109/L 48.8 45
>50x109/L 19.2 27
Korean <100.0x103/μL Children At 4 years 87.5 83 [24]≥100.0x103/μL 57.1 17
European <50x109/L
Children At 5 years
92.3 1,348 [11]
50.0-99.9x109/L 77.6 1,647
≥100.0x109/L 50.1 189
European <50x109/L Children At 5 years 94.0 923 [12]>50x109/L 61.0 166
U.S. <50,000/µL Children At 4 years 80.3 68 [25]
Table 1. Recent studies on survival of ALL patients by gender and Initial white blood cell (WBC) count
4. Initial White Blood Cell (WBC) count
Along with age, the initial peripheral blood leukocyte count is another of the firsts iden‐
tified prognostic factors in every study of ALL. The WBC at diagnosis is a crucial varia‐
ble for describing the nature of the patient’s leukemia and especially the tumor burden.
The other measures of the tumor burden are the size of a mediastinal mass, hepatosple‐
nomegaly, and enlargement of lymph nodes. Children with WBC of more than 50x109/L
are commonly considered to be at high risk of relapse and receive intensive treatment [1,
2].  In retrospective analysis was found that patients with hyperleukocytosis (WBC count
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>50 109/L) were significantly related to lower survival. Similar findings are the rule in re‐
ports from various study groups (Table 1).
The  cytogenetic  features  are  closely  linked  to  the  WBC  and  at  least  partly  explain  the
prognostic  of  WBC,  although  there  is  evidence  that  children  with  similar  cytogenetic
aberrations  may have very  different  WBCs,  and their  prognostic  value  is  related partly
to the WBC [26-28].
Race/ethnicity Survivalestimated
% of Overall
Survival
Number of
patients Ref.
Non-Hispanic white
At 5 years
70 1,529
[29]
Hispanic
Children
56 178
Asian/Pasific islander 56 2,542
Non-Hispanic black 46 408
Whites
Children At 5 years
78 6703
[30]
Blacks 65 506
Hispanics 69 1071
Asians 84 167
Whites
Children At 5 years
70 3621
[31]
Blacks 57 356
Asians 71 410
Native American 54 61
Hispanics 63 504
Table 2. Recent studies on survival of ALL patients by race/ethnicity
5. Race/ethnicity
Variability in survival outcome across racial and ethnic groups (hereafter referred to as race/
ethnicity) also has been identified in some, but not all, clinical research. Survival rates in
Black, Hispanic and Native American children with ALL have been somewhat lower than
the rates in White children with ALL (Table 2). This difference may be therapy-dependent
[32]. Asian children with ALL fare slightly better than white children [33]. The reason for
better outcome in White and Asian children compared with Black, Native American and
Hispanic children is at least partially explained by the different spectrum of ALL subtypes.
For example, blacks have a higher incidence of T-cell ALL and lower rates of favorable ge‐
netic subtypes of ALL. However, these differences do not completely explain the observed
racial differences in outcome [33].
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Population Survivalestimated
% of Overall
Survival
Number of
patients Ref.
ETV6-RUNX1 [t(12;21)]
Brazilian Children At 5 years 77.6 58 [34]
Nordic countries Children At 5 years 65.0 669 [35]
U.S. Children At 5 years 93.7 662 [36]
French Children At 5 years 50.0 73 [37]
BCR-ABL [t(9;22)]
Spanish Adults At 4 years 16.0 30 [38]
Europe and U.S. Children At 2 years 35.5 - 46.3 267 [39]
U.S. Children At 4 years 35.0 120 [40]
Japanese Adults At 2 years 12.5 80 [41]
MLL-AF4[t(4;11) (q21;q23)]
Europe Adults At 5 years 39.0 236 [42]
Japanese Infants At 3 years 43.5 54 [43]
Europe Adults At 5 years 13.0 24 [44]
Spanish Infants, Children,Adults At 5 years 36.0 51 [45]
PBX1/E2A[ t(1;19)(q23;p13.3)/der(19)t(1;19)(q23;p13.3)]
Caucasian Children At 5 years 90.0 31 [46]
U.S. Children At 5 years 84.2 41 [47]
Europe Children At 5 years 84.0 50 [12]
Europe Adults At 5 years 79.0 47 [48]
Table 3. Studies on survival of ALL patients with genetic rearrangements
6. Survival by ALL Immunophenotype
The World Health Organization (WHO) classifies ALL as either B lymphoblastic leukemia
or T lymphoblastic leukemia [49]. Historically, T-cell ALL patients have had a worse prog‐
nosis than other ALL, the relapse rate of T-cell ALL is greater than B-cell ALL cases, and T-
cell ALL cases have shown less EFS than B-ALL cases [50, 51]. Patients with T-cell ALL
treated on Dana-Farber Cancer Institute (DFCI) Boston, MA had an overall survival at 5
years of 78 % compared with 86 % for B progenitor ALL patients [50]. A study based cancer
registry areas of the Surveillance, Epidemiology and End Results (SEER) Program (SEER-17)
during 2001 to 2007 reported that infants with B-cell ALL and ALL of unknown lineage had
intermediate survival to 5-years compared with 5- to 19-year and 20- to 39-year age groups.
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Notably, children and young adults 1 to 4 and 5 to 19 years of age with B-cell ALL had more
favorable survival (Approximately 99% and 88%) than those with T-cell ALL (Approximate‐
ly 84% and 78%). In contrast, survival for T-cell ALL was substantially higher than B-cell
ALL among adults 20 to 39, 40 to 59, and 60 years or older of age [52].
7. Chromosomal translocations in B-cell acute lymphoblastic leukemia
(B-cell ALL)
Acute lymphoblastic leukemia is a heterogeneous disease that originates from lymphocyte
progenitor cells of B- or T-cell origin. ALL comprises multiple distinct subtypes that are
characterized by recurrent copy number alterations and structural chromosomal rearrange‐
ments, which have important clinical implications. Such cytogenetically distinct subtypes in‐
clude B-cell precursor (BCP) leukemia with the chromosomal translocations t(12;21)
(p13;q22) [ETV6/RUNX1], t(9;22)(q11;q34) [BCR/ABL1], (4;11)(q21;q23)/MLL-AF4, t(11;19)/
MLL-ENL, t(1;19)(q23;p13)/PBX1/E2A karyotypes. It is well established that ALL subtypes
differ from a clinical perspective, but the underlying molecular consequences of most of the
recurrent chromosomal abnormalities are poorly understood [53].
8. ETV6-RUNX1 [t(12;21) cryptic translocation, formerly known as TEL-
AML1]
The translocation t(12;21)(p13;q22) is the most frequent chromosomal alteration in childhood B-
lineage ALL (B-ALL) [54], which involves the fusion of the ETV6 (alias TEL) gene on chromo‐
some 12 to the RUNX1 gene on chromosome 21. It is identified in 20% to 25% of the cases of B-
precursor ALL and is rarely observed in T-lineage ALL [55]. The t(12;21) is most commonly
found in children aged 2 to 9 years [56]. Reports generally indicate favorable OS in children with
the ETV6-RUNX1 fusion (Table 3); however, the prognostic impact of this genetic feature is
modified by factors such as early response to treatment and treatment regimen [57].
9. Philadelphia chromosome (Ph) or t(9;22) translocation
The Ph results from a reciprocal translocation (t) between chromosomes 9 and 22 (t [9,22]
[q34;q11]) [58, 59], occurs in approximately 3 to 5% of children, as compared with up to 30
percent of adults with ALL [60, 61].
The Ph produces a fusion gene on chromosome 22, namely, the breakpoint cluster region
Abelson leukemia viral proto-oncogene (BCR-ABL). The translocation can result in 3 fusion
protein of different sizes: p190, p210, and p230 [62]. The p190 BCR-ABL fusion gene occurs
in about 90% of children with Ph-positive ALL [63] and between 50% and 80% of adults
with Ph-positive ALL [64, 65].
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Ph-positive ALL has an extremely poor prognosis overall (rates of EFS are 30 to 46 percent
in children and less than 20 percent in adults) Table 3. However, some investigators suggest
that in this type of ALL, the prognosis is influenced by the treatment with glucocorticoids
(and intrathecal methotrexate) [66], or by other factors (such as age and leukocyte count at
diagnosis) [67, 68]. These variations in the response to therapy suggest that Ph-positive ALL
is heterogeneous with regard to sensitivity to treatment [39].
10. MLL translocations
10.1. MLL-AF4; t(4;11) (q21;q23) translocation
The incidence of t(4;11)(q21;q23)/MLL-AF4, occurring in over 50% ALL cases in infants aged
less than 6 months, in 10–20% of older infants, in about 2% of children, and in almost 10% of
adults [69, 70]. The presence of the translocation t(4;11)(q21;q23) or a fusion gene MLL-AF4
is detected in almost 10% of newly diagnosed B-cell ALL and in about 30–40% of pro-B ALL
subtypes [71, 72].
A t(4;11)(q21;q23)/MLL-AF4 positive ALL is generally considered as a high risk leukemia, char‐
acterized by a poor clinical outcome respect to other cytogenetic risk groups [73]. Moreover, in
several studies it has been demonstrated that cytogenetic-molecular risk and WBC count at di‐
agnosis were the main prognostic factors that influenced OS in ALL patients (Table 3).
10.2. MLL-ENL; t(11;19) translocation
The t(11;19)/ MLL-ENL is present in approximately 1% of cases and occurs in both early B-
cell and T-cell ALL [74]. Outcome for infants with t(11;19) is poor, but outcome appears rela‐
tively favorable in older children with T-cell ALL and the t(11;19) translocation [74].
10.3. PBX1/E2A; t(1;19)(q23;p13) translocation
The translocation t(1;19)(q23;p13), and its unbalanced variant del(19)t(1;19)(q23;p13), is a
primary and well known chromosome abnormality in childhood B-cell precursor ALL, be‐
ing present in 3–5% of all such cases [75, 76].
The t(1;19) produces a fusion between TCF3 gene on 19p13 and PBX1 on 1q23 [77], with the
TCF3-PBX1 fusion transcript being expressed from the chromosome 19 [78]. Initially, t(1;19)
was associated with a poor prognosis in ALL [79, 80], however most patients treated by con‐
temporary therapies now achieve improved outcomes (Table 6).
11. Chromosomal translocations in T-cell acute lymphoblastic leukemia
(T-cell ALL)
T-cell ALL accounts for about 15% and 25% of ALL in pediatric and adult cohorts respec‐
tively [69]. Cytogenetic abnormalities are rare in T-cell ALL. Multiple chromosomal translo‐
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cations have been identified in T-cell ALL, with many genes encoding for transcription
factors (e.g., TAL1; [t(1;14)(p32;q11) and t(1;7)(p32;q34)], LMO1; [t(11;14)(p15;q11)], LMO2;
[t(11;14)(p13;q11) and t(7;11)(q35;p13)], LYL1; [t(7;19)(q34;p13)], TLX1/HOX11 [t(7;10)
(q34;q24) and t(10;14)(q24;q11)], and TLX3/HOX11L2 [t(5;14)(q35;q32)]) fusing to one of the
T-cell receptor (TCR) loci and resulting in aberrant expression of these transcription factors
in leukemia cells [81]. Historically, T-cell ALL in children has been associated with a worse
prognosis than other sub-types of childhood ALL [82, 83].
High expression of TLX1/HOX11 resulting from translocations involving this gene occurs in
5% to 10% of pediatric T-cell ALL cases and is associated with more favorable outcome in
both adults and children with T-cell ALL [84-86]. Overexpression of TLX3/HOX11L2 result‐
ing from the t(5;14)(q35;q32) translocation occurs in approximately 20% of pediatric T-cell
ALL cases and appears to be associated with increased risk of treatment failure [85].
12. Gene polymorphisms associated to poor survival in ALL patients
It is difficult to define which component of the protocol/regimen is the responsible for the
improved outcome of patients with ALL. Antifolates, such as methotrexate (MTX), are com‐
petitive inhibitors of folate-dependent enzymes and are widely used in the treatment of
many human cancers [87]. In last decades, the MTX has been a key agent for the treatment of
ALL and the benefit of high-dose MTX is well established as it significantly increases cure
rates and improves patients’ prognosis [88]. MTX exerts its cytotoxic effects by competitive‐
ly inhibiting dihydrofolate reductase (DHFR), the enzyme responsible for converting folates
to tetrahydrofolate, the reduced folate carriers which function in the transfer of carbon units.
These carbon units are required for de novo purine synthesis and the methylation of uracil
to thymine in DNA synthesis [89].
MTX enters the cells and is metabolized into 7-hydroxymethotrexate (7-OHMTX), 2,4-diami‐
no-N10-methylpteroic acid (DAMPA) and more active derivatives as methotrexate polyglu‐
tamates (MTXPG) with sequential gamma-linkage of 2 to 6 glutamyl residues by the
folylpolyglutamate synthetase (FPGS) [88]. MTXPG retained in cells for a longer time result
in prolonged MTX antifolate effect [89]. However, accumulation of MTXPG is a critical fac‐
tor associated with cytotoxicity and response of ALL patients to the therapy [89]. On the oth‐
er hand, the polyglutamation process competes with deconjugation that converts MTXPG
back into MTX by gamma-glutamyl hydrolase (GGH). Long chain MTXPG have higher af‐
finity than MTX for the enzymes involved in de novo purine synthesis such as 5-aminoimi‐
dazole-4-carboxamide ribonucleotide transformylase (ATIC) and thymidilate synthase (TS),
which results in a reinforcement of MTX inhibition (Figure 1) [88]. Thus, intracellular forma‐
tion of MTXPG enhances the cytotoxic and antileukemic effect of MTX.
The disease-free survival of childhood ALL has improved steadily the last decades, reaching
80% in the developed countries [17]. Despite the advances, almost 20% of the children either
relapse or do not respond to treatment. This seems to be related to various parameters, in‐
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cluding the presence of polymorphisms of drug transporters, receptors, targets, and drug-
metabolizing enzymes, hence influencing the efficacy, the toxicity of therapy [91].
Figure 1. Methotrexate enters cells through the reduced folate carrier (RFC1) or other transport systems. Its main in‐
tracellular target is dihydrofolate reductase (DHFR), inhibition of which results in accumulation of dihydrofolate
(DHF) and depletion of cellular folates. Cytosolic folylpolyglutamyl synthase (FPGS) adds glutamate residues to me‐
thotrexate to produce methotrexate polyglutamates (MTXPGs), they are retained by the cell, and the resulting in‐
crease the efficacy of methotrexate. The addition of glutamate residues to methotrexate also increases its affinity for
other target enzymes (thymidylate synthetase (TS) and dihydrofolate reductase (DHFR). Other enzymes that are
indirectly affected by methotrexate are 5,10-methylenetetrahydrofolate reductase (MTHFR) and methylenetetra‐
hydrofolate dehydrogenase (MTHFD1). dTMP, deoxythymidine monophospate; dUMP, deoxyuridine monopho‐
spate; THF, tetrahydrofolate. Figure modified with permission from Ref. [90] © PharmGKB and Stanford University
(2011).
Recently, attention has been drawn on genes involved in diverse metabolic pathways, which
are known to be polymorphic at various sites and can affect both the susceptibility for leuke‐
mia, the treatment outcome and survival in patients with ALL [91].
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13. The reduced folate carrier (RFC1/SLC19A1)
Several polymorphisms in enzymes of the folate cycle as well as in the MTX transporters
have been described. The reduced folate carrier gene (RFC1) is a major MTX transporter
whose impaired function was recognized as a frequent mechanism of antifolate resistance
[92]. The most common SNP in RFC1, 80A>G, which results in the amino acid substitution
of Arg with His at position 27 of the RFC1 protein, may alter the affinity of the transporter
[93]. Several investigators had studied the association of the SNP of RFC G80A and the out‐
come in ALL. Reports generally indicate association between the G/G and/or A/G genotypes
of the G80A polymorphism with a poorer survival in patient’s children and adults con ALL.
Survival rates in Italian and Mexican population with ALL have been somewhat lower than
the rates in European and French-Canadian population (Table 4).
14. Folypolyglutamate Hydrolase (GGH)
GGH is a lysosomal peptidase that catalyses the removal of gamma-linked polyglutamates
and convert long-chain polyglutamates (n=4–7) into short-chain polyglutamates (n=2–3) and
ultimately MTX, allowing folate to be exported from the cell [94].
Several  SNPs  have  been  identified  in  the  GGH  gene  at  bases  −401C>T,  −354G>T,
−124T>G,  +16T>C,  +452C>T,  and +1102A>G;  these  sites  comprise  both the  promoter  and
the  coding  region  [95,  96].  Nevertheless,  few  SNPs  have  been  associated  with  catalytic
activity  of  the  GGH  in  B-  and  T-lineage  ALL  cells,  and  greater  accumulation  of  long-
chain MTX in these cells [97].
The  polymorphism  +452C>T  in  the  transcribed  region  of  GGH  gene  alters  Thr-127  to
Ile-1271,  and has been associated with reduced catalytic  activity in hyperdiploid B-  and
T-lineage  acute  lymphocytic  leukemia  (ALL)  cells,  and  greater  accumulation  of  long-
chain  MTXPG  in  these  cells  [97].  In  contrast,  all  of  the  promoter  polymorphisms  en‐
hanced  GGH  expression  and  an  increased  GGH  activity  may  lead  to  decreased
accumulation of MTXPG and to MTX resistance. At least one of these, −401C>T, has been
shown to be correlated with decreased accumulation of long-chain MTX-Glu3–5 in rheu‐
matoid arthritis patients treated with MTX [98].
Only  polymorphism  -354G>T  has  been  associated  with  survival  of  children  with  ALL.
-354GT or  -354TT genotypes  carrier  have better  probability  of  5-year  post-treatment  OS
compared to  -354GG genotypes  (p  =  0.04)  (Table  4)  [99].  This  shows the  enzyme GGH
clearly  plays  an  important  role  in  the  metabolism of  folates  and  anti-folates.  However,
unambiguous  demonstration  of  a  direct  role  of  GGH  in  anti-folate  drug  resistance  has
been difficult. Part of the difficulty is that GGH is only one of several factors that can af‐
fect anti-folate levels, and its role presumably is directly linked to those of the other en‐
zymes.  [100].  However,  these  studies  have  demonstrated  that  polymorphisms  in  GGH
increase  promoter  activity  and an  increased GGH activity  may lead to  decreased accu‐
mulation of MTXPG and to MTX resistance [101]
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Genotypes Population Survivalestimated
% of Overall
Survival
Number of
patients Ref.
80A>G polymorphism in RFC1 gene
G/G Italian (adults) At 5 years 59.0 13 [102]A/G + A/A 28.0 34
G/G Mexican (children) At 5 years 76.0 20 [103]A/G + A/A 42.0 50
G/G European (children) At 5 years 97.0 160 [104]A/G + A/A 75.0 305
G/G French-Canadian origin
(children) At 5 years
89.0 61 [93]A/G + A/A 76.0 143
-354G>T polymorphism in GGH gene
GG European (children) At 5 years 90.0 123 [99]GT+TT >90.0 116
-317A>G polymorphism in DHFR gene
A/A Mexican (children) At 5 years 78.0 14 [105]A/G + G/G 41.0 56
A/A Canadian (children) At 5 years 92.0 24 [106]A/G + G/G 76.0 31
829C>T polymorphism in DHFR gene
C/C Mexican (children) At 5 years 80.0 10 [105]C/T + T/T 38.0 60
Polymorphism in TS gene
3R/3R-negative Canadian (children) At 5 years 82.0 193 [107]3R/3R-positive 71.0 66
2R/2R or 2R/3R French-Canadian (children) At 5 years 87.068.0
155 [108]3R/3R 50
677C>T polymorphism in MTHFR gene
C Italian (Adults) At 2 years 55.0 118 [109]TT 14.0
C Spanish (children) At 4 years 98.0 106 [110]TT 52.0 35
C Egyptian (children) At 2 years 90.9 22 [111]TT 50.0 4
T677A1298 haplotype of the MTHFR gene
T677A1298 (-) French–Canadian origin
(Children) At 5 years
89.0 84 [112]T677A1298 (+) 74.0 117
Table 4. Genetic polymorphism and its relationship to survival in ALL
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15. Dihydrofolate Reductase (DHFR)
DHFR is responsible to catalyze the reduction of dihydrofolate (DHF) to tetrahydrofolate
(THF) [113]. The major mechanism of MTX action involves competitive inhibition of DHFR,
leading to the impaired regeneration of THF from DHF; essential for the biosynthesis of pu‐
rines and thymidylate, thus it also blocks the novo synthesis of DNA [114, 115].
Changes in the levels of DHFR expression and consequently in the sensitivity to MTX can
also be due to single SNPs, particularly those located in the regulatory elements [105]. The
C829T SNP is located at the 223 nucleotide downstream from the stop codon between the
first and second polyadenylation sites in the 3'UTR of the DHFR gene, which leads to the
stability of mRNA [116]. A previous study reported that the -A317G SNP in the DHFR pro‐
moter region results in higher transcriptional activity [106]. Recently demonstrated an asso‐
ciation between G/G and T/T genotypes of the -A317G and C829T polymorphisms and
reduced survival in pediatric patients with ALL (Table 4).
16. Thymidylate Synthase (TS)
The TS is a key enzyme in the nucleotide biosynthesis and important target of several che‐
motherapeutics. TS provides the only source for de novo thymidylate production by catalyz‐
ing the methylation of deoxyuridine monophosphate (dUMP) to deoxythymidine
monophosphate (dTMP) [107]. TS is efficiently inhibited by the uracil analog, 5-fluorouracil
(5-FU) and MTX, used for many years as a treatment for a variety of cancers.
The most common polymorphism in TS is a unique double (2R) or triple (3R) 28-bp tandem
repeat sequence in the 5' untranslated region (5'-UTR) of the TS gene also called TS enhancer
region (TSER), immediately upstream from the initiation site, which influences protein ex‐
pression in cancer cells [117]. The presence of a triple versus double 28-bp repeat in the en‐
hancer region has been associated with an increased TS expression both in in vivo and in
vitro studies [118, 119].
Previous studies have shown that pediatric patients who were homozygous for the triple re‐
peat (3R/3R) had a poorer prognostic (odds ratio 4.1, 95% CI 1 9–9 0, p=0 001) [108] and
shorter survival than those patients with other genotypes (Table 4).
17. Methylenetetrahydrofolate Reductase (MTHFR)
The MTHFR is a key folate enzyme that catalyzes the conversion of 5,10-methylenetetrahy‐
drofolate to 5-methyltetrahydrofolate in the folic acid cycle, and is interrupted by metho‐
trexate (MTX), a critical chemotherapy agent in ALL therapy [120].
Despite the fact that several MTHFR polymorphisms have been described thus far, only two
polymorphisms, C677T and A1298C, have been intensively investigated. The C-to-T transi‐
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tion at the nucleotide position 677 in exon 4 of MTHFR generates an alanine-to-valine substi‐
tution at amino acid 222 [121]. As a result, carriers of the MTHFR 677TT genotype possess a
thermolabile enzyme of reduced activity [122]. The second most studied polymorphism in
MTHFR is an A-to-C transversion substitution at nucleotide 1,298 (exon 7) that results in an
amino acid substitution of glutamate for alanine at codon 429 [123]. Once this amino acid
substitution takes place at the S-adenosylmethionine regulatory domain of the MTHFR, the
A1298C polymorphism also generates an enzyme with a decreased activity [123]. Other in‐
vestigators have reported that A1298C and C677T polymorphisms in MTHFR gene are asso‐
ciated with disease outcomes and survival both in children and adults (table 4).
The overall survival rate of MTHFR 677TT and 1298CC carriers was lower than that of pa‐
tients carrying MTHFR C or A alleles respectively. A limited amount of evidence has been
reported on the influence of MTHFR polymorphisms on survival.
18. Methylenetetrahydrofolate Dehydrogenase (MTHFD1)
MTHFD1 is an enzyme involved in folate metabolism, which plays an important role in the
generation of the 5,10-methylene-THF and 10-formyl-THF. The last two are the donor cofac‐
tors for de novo purine and pyrimidine biosynthesis and, thus, for the biosynthesis of DNA
[124]. The G to A substitution at position 1958 of the MTHFD1 gene, causing an alanine to
glycine substitution at codon 653 located within the 10-formyl-THF synthetase enzyme do‐
main, which reduces the enzyme's activity [124].
A analysis of 201 children treated with methotrexate showed that patients with the
MTHFD1 A1958 variant had a remarkably lower probability of 5-year post-treatment sur‐
vival, compared to subjects with no event-predisposing genotypes (45.0% vs 95.0%,
p=0.0002) [112].
Expression Population Survival estimated % of OverallSurvival
Number of
patients Ref.
Negative
Korean (Children and Adults At 2 years
>85.0 24
[125]
Positive <55.0 8
Low
Brazilian (Childen) At 5 years
81.0
150 [126]
High 54.0
Low
European (Children) At 5 years
87.2
56 [127]
High 60.0
Low
European (Adults) At 5 years
80.0
49 [127]
High 52.0
Table 5. Expression of MRP1 and its relationship to survival in ALL
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19. Multidrug Resistance-Associated Protein 1 (MRP1/ABCC1)
Multidrug resistance (MDR) is one of the major obstacles in cancer chemotherapy. Over-ex‐
pression of ATP-binding cassette (ABC) transporters, such as P-glycoprotein (Pgp/MDR1/
ABCB1) and multidrug resistance-associated protein 1 (MRP1/ABCC1), have been shown to
cause MDR in model cell lines and in clinical settings [128-130]. Currently, eight MRP genes
have been identified, of which the MRP transporters (MRP1-6) are known to be involved in
extruding substrates that are generally used in the treatment of ALL, including doxorubicin,
vincristine, etoposide, 6-mercaptopurine, and methotrexate [131-134].
Recent studies have shown that in ALL patients, high expression of MRP1, is a highly signif‐
icant indicator of poor response to chemotherapy and poor overall survival in both in chil‐
dren and adults (Table 5).
20. Summary and future directions
Several clinical and biological features have been associated with the improved survival of
patients with ALL, including age, sex, WBC, race/ethnicity, immunophenotype, recurrent
chromosomal abnormalities, and genetics polymorphisms. The application of risk-stratified
therapy utilizing these prognostic factors has resulted in long-term event-free survival in up
to 80-85% of patients with ALL. Further improvement in outcome will require, in part, the
discovery of novel prognostic factors, (such as, genetic variation in the folate pathway,
transport of drugs, as well as miRNAs expression) to identify the 15-20% of patients who are
not cured with current therapies. Recent advances in our understanding of underlying leu‐
kemia biology, including the identification of prognostically distinctive subsets of patients,
and of host pharmacogenomics may allow for more precise risk stratification and more tar‐
geted, individualized treatment planning that will lead to higher survival of the patients
with ALL.
Author details
Jorge Organista-Nava1, Yazmín Gómez-Gómez1, Berenice Illades-Aguiar2 and
Marco Antonio Leyva-Vázquez2*
*Address all correspondence to: leyvamarco13@gmail.com
1 Institute of Cellular Physiology, National Autonomous University of Mexico (UNAM),
D.F., Mexico
2 Molecular Biomedicine Laboratory, School of Biological Sciences, Guerrero State University,
Chilpancingo, Guerrero, Mexico
Survival of Patients With Acute Lymphoblastic Leukemia
http://dx.doi.org/10.5772/54261
251
References
[1] Robison LL. Late Effects of Acute Lymphoblastic Leukemia Therapy in Patients Di‐
agnosed at 0-20 Years of Age. ASH Education Program Book 2011, 2011;2011(1):
238-42.
[2] Pulte D, Gondos A, Brenner H. Improvement in survival in younger patients with
acute lymphoblastic leukemia from the 1980s to the early 21st century. Blood 2009,
2009;113(7):1408-11.
[3] Smith MA, Seibel NL, Altekruse SF, Ries LAG, Melbert DL, O'Leary M, et al. Out‐
comes for Children and Adolescents With Cancer: Challenges for the Twenty-First
Century. Journal of Clinical Oncology 2010, 2010;28(15):2625-34.
[4] Nachman J. Clinical characteristics, biologic features and outcome for young adult
patients with acute lymphoblastic leukaemia. British Journal of Haematology
2005;130(2):166-73.
[5] Stock W, La M, Sanford B, Bloomfield CD, Vardiman JW, Gaynon P, et al. What de‐
termines the outcomes for adolescents and young adults with acute lymphoblastic
leukemia treated on cooperative group protocols? A comparison of Children's Can‐
cer Group and Cancer and Leukemia Group B studies. Blood 2008, 2008;112(5):
1646-54.
[6] Mariotto AB, Rowland JH, Yabroff KR, Scoppa S, Hachey M, Ries L, et al. Long-Term
Survivors of Childhood Cancers in the United States. Cancer Epidemiology Biomark‐
ers & Prevention 2009, 2009;18(4):1033-40.
[7] Yanada M, Jinnai I, Takeuchi J, Ueda T, Miyawaki S, Tsuzuki M, et al. Clinical fea‐
tures and outcome of T-lineage acute lymphoblastic leukemia in adults: A low initial
white blood cell count, as well as a high count predict decreased survival rates. Leu‐
kemia Research 2007;31(7):907-14.
[8] Keizo Horibe a, Junichi Hara, Keiko Yagi, Akio Tawa, Yoshihiro Komada, Megumi
Oda, et al. Prognostic Factors in Childhood Acute Lymphoblastic Leukemia in Japan.
International Journal of Hematology 2000;72:61-8.
[9] Hilden JM, Dinndorf PA, Meerbaum SO, Sather H, Villaluna D, Heerema NA, et al.
Analysis of prognostic factors of acute lymphoblastic leukemia in infants: report on
CCG 1953 from the Children's Oncology Group. Blood 2006, 2006;108(2):441-51.
[10] Pieters R, Schrappe M, De Lorenzo P, Hann I, De Rossi G, Felice M, et al. A treatment
protocol for infants younger than 1 year with acute lymphoblastic leukaemia (Inter‐
fant-99): an observational study and a multicentre randomised trial. The Lancet
2007;370(9583):240-50.
[11] Conter V, Bartram CR, Valsecchi MG, Schrauder A, Panzer-Grümayer R, Möricke A,
et al. Molecular response to treatment redefines all prognostic factors in children and
Clinical Epidemiology of Acute Lymphoblastic Leukemia - From the Molecules to the Clinic252
adolescents with B-cell precursor acute lymphoblastic leukemia: results in 3184 pa‐
tients of the AIEOP-BFM ALL 2000 study. Blood 2010;115(16):3206-14.
[12] Moorman AV, Ensor HM, Richards SM, Chilton L, Schwab C, Kinsey SE, et al. Prog‐
nostic effect of chromosomal abnormalities in childhood B-cell precursor acute lym‐
phoblastic leukaemia: results from the UK Medical Research Council ALL97/99
randomised trial. The Lancet Oncology 2010;11(5):429-38.
[13] Shaikh M U, Ali N ASN, M K. Outcome of adult patients with acute lymphoblastic
leukaemia receiving the MRC UKALL XII protocol: a tertiary care centre experience.
Singapore Medical Journal 2011;52(5):370-74.
[14] Durrant IJ, Richards SM, Prentice HG, Goldstone AH. The medical research council
trials in adult acute lyphoblastic leukemia. Hematology/Oncology Clinics of North
America 2000;14(6):1327-52.
[15] Larson R. Recent clinical trials in acute lyphoblastic leukemia by the cancer and leu‐
kemia group B Hematology/Oncology Clinics of North America 2000;14(6):1367-79.
[16] Hunger SP, Lu X, Devidas M, Camitta BM, Gaynon PS, Winick NJ, et al. Improved
survival for children and adolescents with acute lymphoblastic leukemia between
1990 and 2005: a report from the hildren's oncology group. J Clin Oncol
2012;10;30(14):1663-9.
[17] Pui C-H, Evans WE. Treatment of Acute Lymphoblastic Leukemia. New England
Journal of Medicine 2006;354(2):166-78.
[18] Hunault-Berger M, Chevallier P, Delain M, Bulabois C-E, Bologna S, Bernard M, et al.
Changes in antithrombin and fibrinogen levels during induction chemotherapy with
L-asparaginase in adult patients with acute lymphoblastic leukemia or lymphoblastic
lymphoma. Use of supportive coagulation therapy and clinical outcome: the CAPE‐
LAL study. Haematologica 2008, 2008;93(10):1488-94.
[19] Holmes L, Hossain J, desVignes-Kendrick M, Opara F. Sex variability in pediatric
leukemia survival: Large cohort evidence. ISRN Oncology 2012:1-9.
[20] Moorman AV, Richards SM, Martineau M, Cheung KL, Robinson HM, Jalali GR, et
al. Outcome heterogeneity in childhood high-hyperdiploid acute lymphoblastic leu‐
kemia. Blood 2003;102(8):2756-62.
[21] Pui CH, Boyett JM, Relling MV, Harrison PL, Rivera GK, Behm FG, et al. Sex differ‐
ences in prognosis for children with acute lymphoblastic leukemia. Journal of Clini‐
cal Oncology 1999;17(3):818-24.
[22] Horibe K, Hara J, Yagi K, Tawa A, Komada Y, Oda M, et al. Prognostic factors in
childhood acute lymphoblastic leukemia in Japan. International Journal of Hematolo‐
gy 2000;72(1):61-8.
[23] [23] Yanada M, Jinnai I, Takeuchi J, Ueda T, Miyawaki S, Tsuzuki M, et al. Clinical
features and outcome of T-lineage acute lymphoblastic leukemia in adults: A low ini‐
Survival of Patients With Acute Lymphoblastic Leukemia
http://dx.doi.org/10.5772/54261
253
tial white blood cell count, as well as a high count predict decreased survival rates.
Leukemia Research 2007;31(7):907-14.
[24] [24] Park J, Park SS, Lim YT. A clinical characteristics and prognosis in children of
acute lymphoblastic leukemia with hyperleukocytosis. Clinical Pediatric Hematolo‐
gy-Oncology 2006;13(1):1-8.
[25] Friedmann AM, Weinstein HJ. The role of prognostic features in the treatment of
childhood acute lymphoblastic leukemia. The Oncologist 2000;5(4):321-8.
[26] Wood AJJ, Pui CH, Evans WE. Acute lymphoblastic leukemia. New England Journal
of Medicine 1998;339(9):605-15.
[27] Ribeiro RC, Broniscer A, Rivera GK, Hancock ML, Raimondi SC, Sandlund JT, et al.
Philadelphia chromosome-positive acute lymphoblastic leukemia in children: dura‐
ble responses to chemotherapy associated with low initial white blood cell counts.
Leukemia: official journal of the Leukemia Society of America, Leukemia Research
Fund, UK 1997;11(9):1493.
[28] Schrappe M, Arico M, Harbott J, Biondi A, Zimmermann M, Conter V, et al. Philadel‐
phia chromosome-positive (Ph+) childhood acute lymphoblastic leukemia: good ini‐
tial steroid response allows early prediction of a favorable treatment outcome. Blood
1998;92(8):2730-41.
[29] Kent EE, Sender LS, Largent JA, Anton-Culver H. Leukemia survival in children,
adolescents, and young adults: influence of socioeconomic status and other demo‐
graphic factors. Cancer Causes & Control: An International Journal of Studies of Can‐
cer in Human Populations 2009;20(8):1409-20.
[30] Bhatia S, Sather HN, Heerema NA, Trigg ME, Gaynon PS, Robison LL. Racial and
ethnic differences in survival of children with acute lymphoblastic leukemia. Blood
2002;100(6):1957-64.
[31] Kadan-Lottick Ns NKKBSGJG. SUrvival variability by race and ethnicity in child‐
hood acute lymphoblastic leukemia. JAMA 2003;290(15):2008-14.
[32] Pui CH, Sandlund JT, Pei D, Rivera GK, Howard SC, Ribeiro RC, et al. Results of
therapy for acute lymphoblastic leukemia in black and white children. JAMA
2003;290(15):2001-7.
[33] Kadan-Lottick NS, Ness KK, Bhatia S, Gurney JG. Survival variability by race and
ethnicity in childhood acute lymphoblastic leukemia. JAMA 2003;290(15):2008-14.
[34] Zen PRG, Capra MEZ, Silla LcMR, Loss JF, Fernandes MrS, Jacques SMC, et al.
ETV6/RUNX1 fusion lacking prognostic effect in pediatric patients with acute lym‐
phoblastic leukemia. Cancer Genetics and Cytogenetics 2009;188:112-7.
[35] Forestier E, Heyman M, Andersen MK, Autio K, Blennow E, Borgström G, et al. Out‐
come of ETV6/RUNX1-positive childhood acute lymphoblastic leukaemia in the NO‐
Clinical Epidemiology of Acute Lymphoblastic Leukemia - From the Molecules to the Clinic254
PHO-ALL-1992 protocol: frequent late relapses but good overall survival. British
Journal of Haematology 2008;140(6):665-72.
[36] Bhojwani D, Pei D, Sandlund JT, Jeha S, Ribeiro RC, Rubnitz JE, et al. ETV6-RUNX1-
positive childhood acute lymphoblastic leukemia: improved outcome with contem‐
porary therapy. Leukemia 2012;26(2):265-70.
[37] Gandemer V, Chevret S, Petit A, Vermylen C, Leblanc T, Michel G, et al. Excellent
prognosis of late relapses of ETV6/RUNX1-positive childhood acute lymphoblastic
leukemia: lessons from the FRALLE 93 protocol. Haematologica 2012;DOI: 10.3324/
haematol.2011.059584.
[38] Ribera JM, Oriol A, González M, Vidriales B, Brunet S, Esteve J, et al. Concurrent in‐
tensive chemotherapy and imatinib before and after stem cell transplantation in new‐
ly diagnosed Philadelphia chromosome-positive acute lymphoblastic leukemia. Final
results of the CSTIBES02 trial. Haematologica 2010;95(1):87-95.
[39] Aricó M, Valsecchi MG, Camitta B, Schrappe M, Chessells J, Baruchel A, et al. Out‐
come of treatment in children with Philadelphia chromosome-positive acute lympho‐
blastic leukemia. New England Journal of Medicine 2000;342(14):998-1006.
[40] Schultz KR, Bowman WP, Aledo A, Slayton WB, Sather H, Devidas M, et al. Im‐
proved early event-free survival with imatinib in Philadelphia chromosome-positive
acute lymphoblastic leukemia: A Children's Oncology Group study. Journal of Clini‐
cal Oncology 2009;27(31):5175-81.
[41] Yanada M, Takeuchi J, Sugiura I, Akiyama H, Usui N, Yagasaki F, et al. Karyotype at
diagnosis is the major prognostic factor predicting relapse-free survival for patients
with Philadelphia chromosome-positive acute lymphoblastic leukemia treated with
imatinib-combined chemotherapy. Haematologica 2008;93(2):287-90.
[42] Bassan R, Spinelli O, Oldani E, Intermesoli T, Tosi M, Peruta B, et al. Improved risk
classification for risk-specific therapy based on the molecular study of minimal resid‐
ual disease (MRD) in adult acute lymphoblastic leukemia (ALL). Blood 2009;113(18):
4153-62.
[43] Kosaka Y, Koh K, Kinukawa N, Wakazono Y, Isoyama K, Oda T, et al. Infant acute
lymphoblastic leukemia with MLL gene rearrangements: outcome following inten‐
sive chemotherapy and hematopoietic stem cell transplantation. Blood 2004;104(12):
3527-34.
[44] Moorman AV, Harrison CJ, Buck GAN, Richards SM, Secker-Walker LM, Martineau
M, et al. Karyotype is an independent prognostic factor in adult acute lymphoblastic
leukemia (ALL): analysis of cytogenetic data from patients treated on the Medical
Research Council (MRC) UKALLXII/Eastern Cooperative Oncology Group (ECOG)
2993 trial. Blood 2007;109(8):3189-97.
[45] del Carmen Chillon M, Gomez-Casares MT, Lopez-Jorge CE, Rodriguez-Medina C,
Molines A, Sarasquete ME, et al. Prognostic significance of FLT3 mutational status
Survival of Patients With Acute Lymphoblastic Leukemia
http://dx.doi.org/10.5772/54261
255
and expression levels in MLL-AF4+ and MLL-germline Acute Lymphoblastic leuke‐
mia. Leukemia 2012.
[46] Kager L, Lion T, Attarbaschi A, Koenig M, Strehl S, Haas OA, et al. Incidence and
outcome of TCF3-PBX1-positive acute lymphoblastic leukemia in Austrian children.
Haematologica 2007;92(11):1561-4.
[47] Jeha S, Pei D, Raimondi SC, Onciu M, Campana D, Cheng C, et al. Increased risk for
CNS relapse in pre-B cell leukemia with the t(1;19)/TCF3-PBX1. Leukemia 2009;23(8):
1406-9.
[48] Moorman AV, Chilton L, Wilkinson J, Ensor HM, Bown N, Proctor SJ. A population-
based cytogenetic study of adults with acute lymphoblastic leukemia. Blood
2010;115(2):206-14.
[49] Swerdlow SH, Cancer. IAfRo, Organization. WH. WHO classification of tumours of
haematopoietic and lymphoid tissues. Book 2008;4th ed.: 380-428.
[50] Goldberg JM, Silverman LB, Levy DE, Dalton VK, Gelber RD, Lehmann L, et al.
Childhood T-Cell Acute Lymphoblastic Leukemia: The Dana-Farber Cancer Institute
Acute Lymphoblastic Leukemia Consortium Experience. Journal of Clinical Oncolo‐
gy 2003, 2003;21(19):3616-22.
[51] Zhang YL, Zhao WL, Nie SS, Guo DD, Ji ZH, Chai YH. Analysis of Clinical Features
and Prognostic Significance of Childhood T-lineage Acute Lymphoblastic Leukemia.
Journal of experimental hematology/Chinese Association of Pathophysiology
2011;19(6):1496-500.
[52] Dores GM, Devesa SS, Curtis RE, Linet MS, Morton LM. Acute leukemia incidence
and patient survival among children and adults in the United States, 2001-2007.
Blood 2011, 2012;119(1):34-43.
[53] Nordlund J, Kiialainen A, Karlberg O, Berglund EC, Goransson-Kultima H, Sonder‐
kar M, et al. Digital gene expression profiling of primary acute lymphoblastic leuke‐
mia cells. Leukemia 2012;26(6):1218-27.
[54] Forestier E, Andersen MK, Autio K, Blennow E, Borgström G, Golovleva I, et al. Cy‐
togenetic patterns in ETV6/RUNX1-positive pediatric B-cell precursor acute lympho‐
blastic leukemia: A Nordic series of 245 cases and review of the literature. Genes,
Chromosomes and Cancer 2007;46(5):440-50.
[55] Nachman JB, Heerema NA, Sather H, Camitta B, Forestier E, Harrison CJ, et al. Out‐
come of treatment in children with hypodiploid acute lymphoblastic leukemia. Blood
2007;110(4):1112-5.
[56] Rubnitz JE, Wichlan D, Devidas M, Shuster J, Linda SB, Kurtzberg J, et al. Prospec‐
tive Analysis of TEL Gene Rearrangements in Childhood Acute Lymphoblastic Leu‐
kemia: A Children's Oncology Group Study. Journal of Clinical Oncology
2008;26(13):2186-91.
Clinical Epidemiology of Acute Lymphoblastic Leukemia - From the Molecules to the Clinic256
[57] Borowitz MJ, Devidas M, Hunger SP, Bowman WP, Carroll AJ, Carroll WL, et al.
Clinical significance of minimal residual disease in childhood acute lymphoblastic
leukemia and its relationship to other prognostic factors: a Children's Oncology
Group study. Blood 2008;111(12):5477-85.
[58] Nowell PC, Hungerford DA. A minute chromosome in human chronic granulocytic
leukemia. Science 1960;132:1497-501.
[59] Rowley JD. A new consistent chromosomal adnormality in chronic myelogeneus leu‐
kaemia identified by quinacrine fluorescence and Giemsa staining Nature
1973;243(51):290-93.
[60] Gleißner B, Gökbuget N, Bartram CR, Janssen B, Rieder H, Janssen JWG, et al. Lead‐
ing prognostic relevance of the BCR-ABL translocation in adult acute B-lineage lym‐
phoblastic leukemia: a prospective study of the German Multicenter Trial Group and
confirmed polymerase chain reaction analysis. Blood, 2002;99(5):1536-43.
[61] Schlieben S, Borkhardt A, Reinisch I, Ritterbach J, Janssen JW, Ratei R, et al. Incidence
and clinical outcome of children with BCR/ABL-positive acute lymphoblastic leuke‐
mia (ALL). A prospective RT-PCR study based on 673 patients enrolled in the Ger‐
man pediatric multicenter therapy trials ALL-BFM-90 and CoALL-05-92. Leukemia
1996;10(6):957-63.
[62] Melo JV. The diversity of BCR-ABL fusion proteins and their relationship to leuke‐
mia phenotype. Blood 1996;88(7):2375-84.
[63] Russo C, Carroll A, Kohler S, Borowitz M, Amylon M, Homans A, et al. Philadelphia
chromosome and monosomy 7 in childhood acute lymphoblastic leukemia: a Pedia‐
tric Oncology Group study. Blood 1991;77(5):1050-6.
[64] Kantarjian HM, Talpaz M, Dhingra K, Estey E, Keating MJ, Ku S, et al. Significance of
the P210 versus P190 molecular abnormalities in adults with Philadelphia chromo‐
some-positive acute leukemia. Blood 1991;78(9):2411-8.
[65] Melo JV, Gordon DE, Tuszynski A, Dhut S, Young BD, Goldman JM. Expression of
the ABL-BCR fusion gene in Philadelphia-positive acute lymphoblastic leukemia.
Blood 1993;81(10):2488-91.
[66] Schrappe M, Aricó M, Harbott J, Biondi A, Zimmermann M, Conter V, et al. Philadel‐
phia chromosome-positive (Ph+) childhood acute lymphoblastic leukemia: good ini‐
tial steroid response allows early prediction of a favorable treatment outcome. Blood
1998;92(8):2730.
[67] Ribeiro RC, Broniscer A, Rivera GK, Hancock ML, Raimondi SC, Sandlund JT, et al.
Philadelphia chromosome-positive acute lymphoblastic leukemia in children: dura‐
ble responses to chemotherapy associated with low initial white blood cell counts.
Leukemia 1997;11(9):1493-6.
[68] Thomas X, Thiebaut A, Olteanu N, Danaila C, Charrin C, Archimbaud E, et al. Phila‐
delphia chromosome positive adult acute lymphoblastic leukemia: characteristics,
Survival of Patients With Acute Lymphoblastic Leukemia
http://dx.doi.org/10.5772/54261
257
prognostic factors and treatment outcome. Hematology and Cell Therapy 1998;40(3):
119-28.
[69] Pui CH, Relling MV, Downing JR. Acute lymphoblastic leukemia. New England
Journal of Medicine 2004;350(15):1535-48.
[70] Pui CH, Frankel LS, Carroll AJ, Raimondi SC, Shuster JJ, Head DR, et al. Clinical
characteristics and treatment outcome of childhood acute lymphoblastic leukemia
with the t (4; 11)(q21; q23): a collaborative study of 40 cases. Blood 1991;77(3):440-7.
[71] Cimino G, Elia L, Mancini M, Annino L, Anaclerico B, Fazi P, et al. Clinico-biologic
features and treatment outcome in the GIMEMA 0496 study: absence of the
ALL1/AF4 and of the BCR/ABL fusion genes correlates with a significantly better
clinical outcome. Blood 2003;102(6):2014-20.
[72] Mancini M, Scappaticci D, Cimino G, Nanni M, Derme V, Elia L, et al. A comprehen‐
sive genetic classification of adult acute lymphoblastic leukemia (ALL): analysis of
the GIMEMA 0496 protocol. Blood 2005;105(9):3434-41.
[73] Marchesi F, Girardi K, Avvisati G. Pathogenetic, Clinical, and Prognostic Features of
Adult t (4; 11)(q21; q23)/MLL-AF4 Positive B-Cell Acute Lymphoblastic Leukemia.
Advances in Hematology 2011:1-8.
[74] [74] Rubnitz JE, Camitta BM, Mahmoud H, Raimondi SC, Carroll AJ, Borowitz MJ, et
al. Childhood Acute Lymphoblastic Leukemia With the MLL-ENL Fusion and
t(11;19)(q23;p13.3) Translocation. Journal of Clinical Oncology 1999;17(1):191-6.
[75] Moorman AV, Ensor HM, Richards SM, Chilton L, Schwab C, Kinsey SE, et al. Prog‐
nostic effect of chromosomal abnormalities in childhood B-cell precursor acute lym‐
phoblastic leukaemia: results from the UK Medical Research Council ALL97/99
randomised trial. The Lancet Oncology;11(5):429-38.
[76] Schmiegelow K, Forestier E, Hellebostad M, Heyman M, Kristinsson J, Soderhall S, et
al. Long-term results of NOPHO ALL-92 and ALL-2000 studies of childhood acute
lymphoblastic leukemia. Leukemia 2010;24(2):345-54.
[77] Mellentin JD, Murre C, Donlon TA, McCaw PS, Smith SD, Carroll AJ, et al. The gene
for enhancer binding proteins E12/E47 lies at the t (1; 19) breakpoint in acute leuke‐
mias. Science 1989;246(4928):379-82.
[78] Andersen MK, Autio K, Barbany G, Borgström G, Cavelier L, Golovleva I, et al.
Paediatric B-cell precursor acute lymphoblastic leukaemia with t(1;19)(q23;p13): clini‐
cal and cytogenetic characteristics of 47 cases from the Nordic countries treated ac‐
cording to NOPHO protocols. British Journal of Haematology 2011;155:235–43
[79] Secker-Walker LM, Berger R, Fenaux P, Lai JL, Nelken B, Garson M, et al. Prognostic
significance of the balanced t (1; 19) and unbalanced der (19) t (1; 19) translocations in
acute lymphoblastic leukemia. Leukemia 1992;6(5):363-9.
[80] Uckun FM, Sensel MG, Sather HN, Gaynon PS, Arthur DC, Lange BJ, et al. Clinical
significance of translocation t(1;19) in childhood acute lymphoblastic leukemia in the
Clinical Epidemiology of Acute Lymphoblastic Leukemia - From the Molecules to the Clinic258
context of contemporary therapies: a report from the Children's Cancer Group. Jour‐
nal of Clinical Oncology 1998;16(2):527-35.
[81] Chiaretti S, Foá R. T-cell acute lymphoblastic leukemia. Haematologica 2009;94(2):
160-2.
[82] Sen L, Borella L. Clinical Importance of Lymphoblasts with T Markers in Childhood
Acute Leukemia. New England Journal of Medicine 1975;292(16):828-32.
[83] Sallan SE. T-cell acute lymphoblastic leukemia in children. Haematology and Blood
Transfusion 1981;26:121-3.
[84] Bergeron J, Clappier E, Radford I, Buzyn A, Millien C, Soler G, et al. Prognostic and
oncogenic relevance of TLX1/HOX11 expression level in T-ALLs. Blood 2007;110(7):
2324-30.
[85] Cavé H, Suciu S, Preudhomme C, Poppe B, Robert A, Uyttebroeck A, et al. Clinical
significance of HOX11L2 expression linked to t (5; 14)(q35; q32), of HOX11 expres‐
sion, and of SIL-TAL fusion in childhood T-cell malignancies: results of EORTC stud‐
ies 58881 and 58951. Blood 2004;103(2):442-50.
[86] Ferrando AA, Neuberg DS, Dodge RK, Paietta E, Larson RA, Wiernik PH, et al. Prog‐
nostic importance of TLX1 (HOX11) oncogene expression in adults with T-cell acute
lymphoblastic leukaemia. The Lancet 2004;363(9408):535-6.
[87] Zhao R, Goldman ID. Resistance to antifolates. Oncogene 2003;22(47):7431-57.
[88] Tiphaine Adam de Beaumais, Jacqz-Aigrain E. Intracellular disposition of methotrex‐
ate in acute lymphoblastic leukemia in children. Current Drug Metabolism
2012;13(6):822-34.
[89] Lennard L. Therapeutic drug monitoring of cytotoxic drugs. Br J Clin Pharmacol
2001;52:75–87.
[90] Mikkelsen Torben S TCF, Yang Jun J, Ulrich Cornelia M, French Deborah, Zaza Gian‐
luigi, Dunnenberger Henry M, Marsh Sharon, McLeod Howard L, Giacomini Kathy,
Becker Mara L, Gaedigk Roger, Leeder James Steven, Kager Leo, Relling Mary V,
Evans William, Klein Teri E, Altman Russ B. "PharmGKB summary: methotrexate
pathway" Pharmacogenetics and genomics (2011).
[91] Karathanasis NV, Choumerianou DM, Kalmanti M. Gene polymorphisms in child‐
hood ALL. Pediatric Blood & Cancer 2009;52(3):318-23.
[92] Sierra E, Goldman ID. Recent advances in the understanding of the mechanism of
membrane transport of folates and antifolates. Seminars Oncology 1999;26:11-23.
[93] Laverdiére C, Chiasson S, Costea I, Moghrabi A, Krajinovic M. Polymorphism G80A
in the reduced folate carrier gene and its relationship to methotrexate plasma levels
and outcome of childhood acute lymphoblastic leukemia. Blood 2002;100(10):3832-4.
Survival of Patients With Acute Lymphoblastic Leukemia
http://dx.doi.org/10.5772/54261
259
[94] Ansari M, Krajinovic M. Pharmacogenomics of acute leukemia. Pharmacogenomics
2007;8(7):817-34.
[95] Chave KJ, Ryan TJ, Chmura SE, Galivan J. Identification of single nucleotide poly‐
morphisms in the human gamma-glutamyl hydrolase gene and characterization of
promoter polymorphisms. Gene 2003;319(0):167-75.
[96] Organista-Nava J, Gómez-Gómez Y, Saavedra-Herrera MV, Rivera-Ramírez AB, Ter‐
án-Porcayo MA, Alarcón-Romero LdC, et al. Polymorphisms of the gamma-glutamyl
hydrolase gene and risk of relapse to acute lymphoblastic leukemia in Mexico. Leu‐
kemia Research 2009;34(6):728-32.
[97] Cheng Q, Wu B, Kager L, Panetta J, Zheng J, Pui C, et al. A substrate specific func‐
tional polymorphism of human gamma-glutamyl hydrolase alters catalytic activity
and methotrexate polyglutamate accumulation in acute lymphoblastic leukaemia
cells. Pharmacogenetics 2004;14(8):557-67.
[98] Dervieux T, Kremer J, Lein D, Capps R, Barham R, Meyer G, et al. Contribution of
common polymorphisms in reduced folate carrier and gamma-glutamylhydrolase to
methotrexate polyglutamate levels in patients with rheumatoid arthritis. Pharmaco‐
genetics 2004;14(11):733-9.
[99] Garcia-Bournissen F, Moghrabi A, Krajinovic M. Therapeutic responses in childhood
acute lymphoblastic leukemia (ALL) and haplotypes of gamma glutamyl hydrolase
(GGH) gene. Leukemia Research 2007;31(7):1023-5.
[100] Schneider E, Ryan TJ. Gamma-glutamyl hydrolase and drug resistance. Clinica Chi‐
mica Acta 2006;374:25-32.
[101] Chave KJ, Ryan TJ, Chmura SE, Galivan J. Identification of single nucleotide poly‐
morphisms in the human g-glutamyl hydrolase gene and characterization of promot‐
er polymorphisms. Gene 2003;319(0):167-75.
[102] Chiusolo P, Giammarco S, Bellesi S, Metafuni E, Piccirillo N, De Ritis D, et al. The
role of MTHFR and RFC1 polymorphisms on toxicity and outcome of adult patients
with hematological malignancies treated with high-dose methotrexate followed by
leucovorin rescue. Cancer Chemotherapy and Pharmacology 2012;69(3):691-6.
[103] Leyva-Vázquez M, Organista-Nava J, Gómez-Gómez Y, Contreras-Quiroz A, Flores-
Alfaro E, Illades-Aguiar B. Polymorphism G80A in the reduced folate carrier gene
and its relationship to survival and risk of relapse in acute lymphoblastic leukemia.
Journal of Investigative Medicine;2012, 60:1064-7.
[104] Gregers J, Christensen IJ, Dalhoff K, Lausen B, Schroeder H, Rosthoej S, et al. The as‐
sociation of reduced folate carrier 80G> A polymorphism to outcome in childhood
acute lymphoblastic leukemia interacts with chromosome 21 copy number. Blood
2010;115(23):4671-7.
[105] Gómez-Gómez Y, Organista-Nava J, Saavedra-Herrera MV, Rivera-Ramírez AB, Ter‐
án-Porcayo MA, Alarcón-Romero LdC, et al. Survival and risk of relapse of acute
Clinical Epidemiology of Acute Lymphoblastic Leukemia - From the Molecules to the Clinic260
lymphoblastic leukemia in a Mexican population is affected by dihydrofolate reduc‐
tase gene polymorphisms. Experimental and Therapeutic Medicine 2012;3(4):665-72.
[106] Dulucq S, St-Onge G, Gagné V, Ansari M, Sinnett D, Labuda D, et al. DNA variants
in the dihydrofolate reductase gene and outcome in childhood ALL. Blood
2008;111(7):3692-700.
[107] Krajinovic M, Costea I, Primeau M, Dulucq S, Moghrabi A. Combining several poly‐
morphisms of thymidylate synthase gene for pharmacogenetic analysis. Pharmaco‐
genomics Journal 2005;5(6):374-80.
[108] Krajinovic M, Costea I, Chiasson S. Polymorphism of the thymidylate synthase gene
and outcome of acute lymphoblastic leukaemia. The Lancet 2002;359(9311):1033-4.
[109] Ongaro A, De Mattei M, Della Porta MG, Rigolin GM, Ambrosio C, Di Raimondo F,
et al. Gene polymorphisms in folate metabolizing enzymes in adult acute lympho‐
blastic leukemia: effects on methotrexate-related toxicity and survival. Haematologi‐
ca 2009;94(10):1391-8.
[110] Salazar J, Altés A, Del Río E, Estella J, Rives S, Tasso M, et al. Methotrexate consolida‐
tion treatment according to pharmacogenetics of MTHFR ameliorates event-free sur‐
vival in childhood acute lymphoblastic leukaemia. The Pharmacogenomics Journal
2011;doi:10.1038/tpj.2011.25.
[111] El-Khodary N, El-Haggar S, Eid M, Ebeid E. Study of the pharmacokinetic and phar‐
macogenetic contribution to the toxicity of high-dose methotrexate in children with
acute lymphoblastic leukemia. Medical Oncology 2011:1-10.
[112] Krajinovic M, Lemieux-Blanchard E, Chiasson S, Primeau M, Costea I, Moghrabi A.
Role of polymorphisms in MTHFR and MTHFD1 genes in the outcome of childhood
acute lymphoblastic leukemia. The Pharmacogenomics Journal 2004;4(1):66-72.
[113] Wang L, Goodey NM, Benkovic SJ, Kohen A. Coordinated effects of distal mutations
on environmentally coupled tunneling in dihydrofolate reductase. Proceedings of the
National Academy of Sciences 2006;103(43):15753-8.
[114] Volpato JP, Fossati E, Pelletier JN. Increasing Methotrexate Resistance by Combina‐
tion of Active-site Mutations in Human Dihydrofolate Reductase. Journal of Molecu‐
lar Biology 2007;373(3):599-611.
[115] Allemann RK, Evans RM, Tey L-h, Maglia G, Pang J, Rodriguez R, et al. Protein mo‐
tions during catalysis by dihydrofolate reductases. Philosophical Transactions of the
Royal Society B: Biological Sciences 2006;361(1472):1317-21.
[116] Goto Y, Yue L, Yokoi A, Nishimura R, Uehara T, Koizumi S, et al. A novel single-
nucleotide polymorphism in the 3'-untranslated region of the human dihydrofolate
reductase gene with enhanced expression. Clinical Cancer Research 2001;7(7):1952-6.
Survival of Patients With Acute Lymphoblastic Leukemia
http://dx.doi.org/10.5772/54261
261
[117] Nazki FH, Masood A, Banday MA, Bhat A, Ganai BA. Thymidylate synthase enhanc‐
er region polymorphism not related to susceptibility to acute lymphoblastic leukemia
in the Kashmir population. Genetics and Molecular Research 2012;11(2):906-17.
[118] Horie N, Aiba H, Oguro K, Hojo H, Takeishi K. Functional analysis and DNA poly‐
morphism of the tandemly repeated sequences in the 5'-terminal regulatory region of
the human gene for thymidylate synthase. Cell Structure and Function 1995;20(3):
191-7.
[119] Rahimi Z, Ahmadian Z, Akramipour R, Vaisi-Raygani A, Rahimi Z, Parsian A. Thy‐
midylate synthase and methionine synthase polymorphisms are not associated with
susceptibility to childhood acute lymphoblastic leukemia in Kurdish population
from Western Iran. Molecular Biology Reports 2001;39(3):2195-200.
[120] Aplenc R, Thompson J, Han P, La M, Zhao H, Lange B, et al. Methylenetetrahydrofo‐
late Reductase Polymorphisms and Therapy Response in Pediatric Acute Lympho‐
blastic Leukemia. Cancer Research 2005, 65(6):2482-7.
[121] Guenther BD, Sheppard CA, Tran P, Rozen R, Matthews RG, Ludwig ML. The struc‐
ture and properties of methylenetetrahydrofolate reductase from Escherichia coli
suggest how folate ameliorates human hyperhomocysteinemia. Nature Structural &
Molecular Biology 1999;6(4):359-65.
[122] Frosst P, Blom HJ, Milos R, Goyette P, Sheppard CA, Matthews RG, et al. A candi‐
date genetic risk factor for vascular disease: a common mutation in methylenetetra‐
hydrofolate reductase. Nature Genetics 1995;10(1):111-3.
[123] van der Put NMJ, GabreÃ«ls F, Stevens E, Smeitink JAM, Trijbels FJM, Eskes TKAB,
et al. A second common mutation in the methylenetetrahydrofolate reductase gene:
an additional risk factor for neural-tube defects? The American Journal of Human
Genetics 1998;62(5):1044-51.
[124] Hol FA, van der Put NMJ, Geurds MPA, Heil SG, Trijbels FJM, Hamel BCJ, et al. Mo‐
lecular genetic analysis of the gene encoding the trifunctional enzyme MTHFD(meth‐
ylenetetrahydrofolate-dehydrogenase, methenyltetrahydrofolate-cyclohydrolase,
formyltetrahydrofolate synthetase) in patients with neural tube defects. Clinical Ge‐
netics 1998;53(2):119-25.
[125] Huh HJ, Park CJ, Jang S, Seo EJ, Chi HS, Lee JH, et al. Prognostic significance of mul‐
tidrug resistance gene 1 (MDR1), multidrug resistance-related protein (MRP) and
lung resistance protein (LRP) mRNA expression in acute leukemia. Journal of Korean
Medical Science 2006;21(2):253-8.
[126] Cortez MAA, Scrideli CA, Yunes JA, Valera ET, Toledo SRC, Pavoni-Ferreira PCB, et
al. mRNA expression profile of multidrug resistance genes in childhood acute lym‐
phoblastic leukemia. Low expression levels associated with a higher risk of toxic
death. Pediatric Blood & Cancer 2009;53(6):996-1004.
Clinical Epidemiology of Acute Lymphoblastic Leukemia - From the Molecules to the Clinic262
[127] Plasschaert SLA, de Bont ESJM, Boezen M, vander Kolk DM, Daenen SMJG, Faber
KN, et al. Expression of Multidrug Resistance-Associated Proteins Predicts Prognosis
in Childhood and Adult Acute Lymphoblastic Leukemia. Clinical Cancer Research
2005;11(24):8661-8.
[128] Stride BD, Grant CE, Loe DW, Hipfner DR, Cole SPC, Deeley RG. Pharmacological
Characterization of the Murine and Human Orthologs of Multidrug-Resistance Pro‐
tein in Transfected Human Embryonic Kidney Cells. Molecular Pharmacology
1997;52(3):344-53.
[129] Breuninger LM, Paul S, Gaughan K, Miki T, Chan A, Aaronson SA, et al. Expression
of Multidrug Resistance-associated Protein in NIH/3T3 Cells Confers Multidrug Re‐
sistance Associated with Increased Drug Efflux and Altered Intracellular Drug Distri‐
bution. Cancer Research 1995;55(22):5342-7.
[130] Conseil G, Deeley RG, Cole SPC. Polymorphisms of MRP1 (ABCC1) and related
ATP-dependent drug transporters. Pharmacogenetics and Genomics 2005;15(8):
523-33.
[131] Belinsky MG, Chen ZS, Shchaveleva I, Zeng H, Kruh GD. Characterization of the
drug resistance and transport properties of multidrug resistance protein 6 (MRP6,
ABCC6). Cancer Research 2002;62(21):6172.
[132] Borst P, Evers R, Kool M, Wijnholds J. A family of drug transporters: the multidrug
resistance-associated proteins. Journal of the National Cancer Institute
2000;92:1295-302.
[133] Jedlitschky G, Burchell B, Keppler D. The multidrug resistance protein 5 functions as
an ATP-dependent export pump for cyclic nucleotides. The Journal of Biological
Chemistry 2000;275(39):30069-74.
[134] Kool M, Van Der Linden M, De Haas M, Scheffer GL, De Vree JML, Smith AJ, et al.
MRP3, an organic anion transporter able to transport anti-cancer drugs. Proceedings
of the National Academy of Sciences 1999;96(12):6914-9.
Survival of Patients With Acute Lymphoblastic Leukemia
http://dx.doi.org/10.5772/54261
263

